CeCu2Si2 is an exemplary correlated electron metal that features two domes of unconventional superconductivity in its temperature-pressure phase diagram. The first dome surrounds an antiferromagnetic quantum critical point, whereas the more exotic second dome may span the termination point of a line of f -electron valence transitions. This behavior has received intense interest, but what has been missing are ways to access the high pressure behavior under milder conditions. Here we study Si → P chemical substitution, which compresses the unit cell volume but simultaneously weakens the hybridization between the f -and conduction electron states and encourages complex magnetism. At concentrations that show magnetism, applied pressure suppresses the magnetic ordering temperature and superconductivity is recovered for samples with low disorder. These results reveal that the electronic behavior in this system is controlled by a nontrivial combination of effects from unit cell volume and electronic shell filling. Guided by this topography we discuss prospects for uncovering a valence fluctuation quantum phase transition in the broader family of Ce-based ThCr2Si2-type materials through chemical substitution.
I. INTRODUCTION
Understanding magnetism, intermediate valence, unconventional superconductivity, and breakdown of Fermi liquid behavior in correlated electron materials is a persistent challenge. [1] [2] [3] [4] [5] [6] [7] For Ce-based f -electron lattices, most discussion relies on a model where the Kondo and RKKY interactions compete with each other to determine the ground state behavior. [8] [9] [10] [11] [12] While the Kondo interaction suppresses magnetism through screening of the f -electron moments by the conduction electrons, the RKKY interaction favors magnetic order by providing an exchange interaction between f -moments. Importantly, both interactions are mediated by the same wide band itinerant electrons which mostly originate on the s, p, and d orbitals of the transition metal ions or ligand matrix. This scenario was described early-on in the Doniach phase diagram, 8 and since then a multitude of compounds have been characterized in this way; noteworthy examples include CeT In 5 (T = Co, Rh, Ir)
13,14 and CeT 2 X 2 (T = transition metal and X = Si, Ge). 15, 16 Although this picture has proved useful, efforts to develop it into a quantitative model have been challenged by the inherent complexity of the correlated electron problem; even the task of calculating the band structure for a cerium based metal remains difficult. Also missing is an understanding of how and where spin and charge instabilities play a role. To confront these issues, it is useful to re-examine the Kondo vs. RKKY scenario from a chemical perspective.
It is interesting to focus on CeCu 2 Si 2 because: (1) it exhibits a rich variety of behaviors including spin density wave magnetism, breakdown of the Fermi liquid, possible quantum criticality, and unconventional superconductivity [17] [18] [19] [20] [21] [22] [23] and (2) it is located on the verge of maximum dshell filling and has close-to the smallest unit cell volume of the naturally occuring 122 analogues -it is appealing to associate this with its electronic complexity. Of particular note is that it hosts a second superconducting dome at high pressure, which might be related to an felectron valence change quantum phase transition.
22,24-26
The maximum superconducting transition temperature in this region is twice that of the low-pressure antiferromagnetic quantum phase transition, suggesting a strengthened superconducting pairing mechanism. This has inspired extensive work, but the required high pressure environment has slowed progress and even makes some techniques impossible (e.g., angle resolved photoemission spectroscopy). Thus, it would be useful to understand the underlying chemical/structural drivers and thereby uncover practical means of accessing related behavior under ambient conditions.
In this paper we study the chemical substitution series CeCu 2 (Si 1−x P x ) 2 where even as the unit cell volume decreases, the parent compound superconductivity is rapidly suppressed and is replaced by magnetism that strengthens and becomes more anisotropic with increasing x. At the same time, the hybridization strength between the f -and conduction electron states is weakened. This conflicts with expectations from the Doniach picture, where in the vicinity of a quantum critical point a decreasing unit cell volume is expected to strengthen the hybridization strength and suppress magnetism. 8 To understand this, we consider a simplified phase map that is parameterized by the axes of unit cell volume and electronic shell filling. We suggest that Si → P substutution explores a nontrivial vector between these axes, where the impact of shell filling outweighs that of decreasing arXiv:1705.06363v2 [cond-mat.str-el] 6 Jun 2017 volume in this particular case. To probe the influence of further unit cell contraction without additional shell filling, measurements under applied pressure were carried out. Here, the magnetism is suppressed and superconductivity is recovered at a quantum phase transition, for lightly substituted samples. Based on these results, we discuss chemical strategies to induce behavior similar to that of high pressure phase CeCu 2 Si 2 within the broader family of Ce-based ThCr 2 Si 2 -type materials.
II. EXPERIMENTAL METHODS
Single crystals of CeCu 2 Si 2−x P x were grown from elements with purities> 99.9% in a molten flux of Cu and Si. The reaction ampoules were prepared by loading the elements in the ratio Ce:Cu:Si:P ; 1:28:(11.44−x):x into a 2 mL alumina crucible for each of the different nominal dopings of P. The crucibles were sealed under vacuum in quartz ampoules and heated to 600
• C at a rate of 50
• C/hour, held at 600
• C for 6 hours, heated to 1185
• C/hour, kept at 1185
• C for 12 hours, and then cooled at a rate of 2
• C/hour to 940 • C. At this temperature, the remaining flux was separated from the crystals by centrifuging. Single-crystal platelets with typical dimensions of several millimeters on a side and several millimeters in thickness were collected.
The crystal structure and chemical composition were verified by single-crystal x-ray-diffraction (XRD) and energy dispersive spectrometer (EDS) analysis. A comparison between the nominal x nom and actual x act values is shown in Fig. 1a . Throughout the manuscript, x refers to the measured value. Magnetization M (T, H) measurements were carried out for single crystals at temperatures T = 1.8 − 300 K under an applied magnetic field of H = 5 kOe for H applied both parallel ( ) and perpendicular (⊥) to the c axis using a Quantum Design VSM Magnetic Property Measurement System. Electrical resistivity ρ measurements for temperatures T = 0.5 − 300 K and magnetic fields H = 0 − 9 T were performed in a four-wire configuration and the heat capacity C was measured for T = 0.39 − 20 K using a Quantum Design Physical Property Measurement System. Measurements under applied pressure were performed using a piston cylinder pressure cell with the pressure transmitting medium Daphne 7474 oil. The pressure is determined by the shift in ruby flourescence peaks and are the values determined below T = 10 K. These measurements were performed at the National High Magnetic Field Laboratory DC field User facility using standard He3 cryostats.
III. RESULTS
Single crystal x-ray diffraction measurements show that Si → P substitution up to x ≈ 0.1 causes the lattice constants (a and c), the unit cell volume (V ), and the ratio c/a to decrease linearly ( Fig. 1 ). This is con- sistent with Vegard's law, where the monotonous lattice contraction is due to the smaller size of P by comparison to Si. From this we infer that the Ce valence remains roughly constant with increasing x. These changes result in a positive chemical pressure which is estimated to be near P ch = B 0 ln(V 0 /V) ≈ 4.8 kbar for x ≈ 0.1, using the Birch-Murnaghan equation of state. Here we approximate the bulk modulus as B 0 = 110 GPa as previously reported for stoichiometric CeCu 2 Si 2 .
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The f -electron behavior is uncovered in more detail by considering the magnetic susceptibility (χ = M/H) temperature dependence (Fig. 2) . Curie-Weiss fits to χ(T ) for H c on the range 175 < T < 300 K show that the effective magnetic moment µ eff ≈ 2.5 -2.6 µ B /Ce remains nearly constant and the Curie-Weiss temperature Θ is negative up to x ≈ 0.08 where it becomes positive (Fig. 2b) . The magnetism becomes more anisotropic with increasing x, as evidenced by the strengthening χ(T ) for H c that yields a nearly tenfold increase in the low temperature magnetic anisotropy between x = 0 -0.1 (Figs. 2c,d ). This shows that while phosphorous substitution controls the magnetocrystalline anisotropy, it does not appreciably change the cerium valence. A complex evolution of the magnetic ground state is also observed. Up to x ≈ 0.03 -0.04 there is no obvious magnetic ordering seen in χ(T ), but above this concentration there is a pronounced kink (labeled T N ) which reduces χ, consistent with antiferromagnetic ordering. T N subsequently sharpens and moves to higher T with increasing x. Near x ≈ 0.06 -0.07 a second small hysteretic increase in χ appears at T C < T N , revealing an additional spin reconfiguration.
The temperature dependence of the heat capacity divided by temperature C/T and the electrical resistivity are shown in Fig. 3 . Data for x = 0 are consistent with earlier results for 'S-phase' CeCu 2 Si 2 , where C/T increases to a large value at low temperatures due to the large charge carrier quasiparticle mass. There is a sharp feature near T SC ≈ 0.6 K in C/T and a drop to zero resistivity at the onset of superconductivity. 17 The superconductivity is rapidly destroyed with x and is replaced by a new ordered phase that is evidenced by a weak kink in ρ and a lambda-anomaly in C/T at T A . This is similar to the 'A-phase' antiferromagnetism that is seen in selfdoped CeCu 2 Si 2 and CeCu 2 (S 1−x Ge x ) 2 18,19 . Near x ≈ 0.03 − 0.04, the kink in ρ(T ) is replaced by an abrupt reduction in the resistivity at T N and a broadened lambdalike anomaly in C/T . For x 0.06 -0.07 the additional phase transition at T C is also seen in ρ(T ) and C/T , showing that it occurs in the bulk. From ρ(T ) it is also possible to identify a broad low temperature hump that precedes the low temperature ordering. This feature was earlier described as being related to the Kondo coherence temperature T coh,ρ ≈ 18 K for x =0. T coh,ρ decreases with x and becomes comparable to the magnetic ordering temperature near x ≈ 0.04, which is roughly where the magnetic ordering changes its character.
The 4f -contribution to the entropy S 4f is shown in Fig. 3c , which was acquired by subtracting C/T for LaCu 2 Si 2 from the chemically substituted specimens and subsequently integrating C 4f /T from T = 400 mK (Fig. 3b) . While this procedure underestimates S 4f , it provides a systematic way to compare between concentrations. From this, it is seen that the amount of entropy that is recovered at the magnetic ordering temperature increases with increasing x, reaching slightly more than 0.5Rln2 at maximum x. S 4f = Rln2 is expected for trivalent cerium when crystal electric field splitting of the Hund's rule multiplet results in a doublet ground state, but this value is reduced when the f -electron moment is compensated through the Kondo interaction. Thus, the increasing value of S 4f (x) at the ordering temperature suggests weakening hybridization without a complete removal of Kondo screening at x ≈ 0.1. In order to further examine the surrounding phase diagram, we performed measurements of the electrical resistivity under hydrostatic pressures for select concentrations (x = 0.015, 0.043, 0.098) spanning T − x phase diagram (Fig. 4) . For x = 0.015 and 0.045, both T A and T N are suppressed with initial slopes ∂T A /∂P = 0.06 K/kbar and ∂T N /∂P = 0.07 K/kbar and are extrapolated to approach zero temperature near P c ≈ 12 − 16 and 18 − 22 kbar, respectively. Near P = 15 kbar for x = 0.015, superconductivity is recovered with an onset temperature T SC ≈ 150 mK and the normal state electrical resistivity follows the temperature dependence ρ(T ) = ρ 0 + AT n where n ≈ 1.16 (Fig. 4b) , indicating a departure from Fermi liquid behavior. The superconductivity is noticeably robust against disorder, which is revealed here in the large residual resistivity. We further note that for both of these concentrations, T coh,ρ increases with increasing P , as is expected upon strengthening the hybridization between the f -and conduction electrons. For x = 0.098, both magnetic ordering temperatures T N and T C are suppressed by pressure with slopes ∂T N /∂P = 0.06 K/kbar and ∂T C /∂P = 0.1 K/kbar, where the extrapolated critical pressures are above 20 kbar. Temperature T -phosphorous concentration x phase diagram for CeCu2(Si1−xPx)2 constructed from magnetic susceptibility χ, heat capacity C, and electrical resistivity ρ vs. T measurements. The magnetic ordering temperatures TA, TN, and TC and the Kondo coherence temperature T coh,ρ are defined as described in the text.
IV. DISCUSSION
Taken together, these measurements reveal a phase diagram (Fig. 5 ) that is notably similar to that of
18,19 where Si → P (or Ge) substitution rapidly suppresses the parent compound superconductivity, induces complex magnetism, and weakens the hybridization between the f -and conduction electrons (e.g., as evidenced by a decreasing Kondo coherence temperature T coh,ρ and increasing S 4f at the magnetic ordering temperature). On its surface, this result is unexpected because Si → P and Si → Ge substitution result in volume contraction and expansion, respectively: i.e., they should have opposite affects. We understand this contradiction by considering that the hybridization strength is governed both by the unit cell volume and electronic shell filling, where non-isoelectronic chemical substitution explores a non-trivial vector amongst them. In our study, shell filling is the dominant term and has the effect of weakening the hybridization.
We suggest that these insights are broadly relevant to the electronic phase space surrounding CeCu 2 Si 2 (Fig. 6) where the tuning axes are unit cell volume (∆V ) and s, p, d-shell filling (x). Similar proposals have previously been made, [33] [34] [35] [36] but they mostly do not consider current knowledge about spin/charge instabilities and how they relate to quantum criticality. Thus, it is useful to reexamine the chemical topography with renewed attention paid to the importance of spin and charge fluctuations in critical regions. The isoelectronic subset where T = Cu, Ag, FIG. 6 . Phase diagram for the compounds CeT2X2 (T = transition metal and X = Si, Ge) that crystallize in the ThCr2Si2-type structure. 15, 16 The axes that define the four quadrants (I-IV) and control the ground state behavior are the difference in unit cell volume (∆V ) from that of CeCu2Si2 and increasing d-shell filling going from the Fe column to the Cu column (x). The white band that traverses the center of the phase diagram approximately separates the magnetic (left hand side) and intermediate valence examples (right hand side). The bars labeled SC1 (green) and SC2 (dark blue) show the regions where superconductivity is observed for CeCu2Si2 along the ∆V axis. [17] [18] [19] [20] [21] 23 In parenthesis are the maximum superconducting transition temperatures that are observed under applied pressure for those compounds with an antiferromagnetic quantum phase transition. 20, 21, [28] [29] [30] [31] [32] In quadrant IV the open circles show the zero temperature magnetic phase boundary resulting from the investigation of the substitution series CeCu2(Si1−xPx)2 presented here (see Fig. 5 ). The closed circles show where applied pressure suppresses magnetic ordering to quantum phase transitions in this series (see Fig. 4 ).
Au and X = Si, Ge illustrates the distinct effect of the unit cell volume, where these materials show strengthening of antiferromagnetism with increasing unit cell volume. 15, 16 Notably this antiferromagnetism is suppressed with applied pressure, with a return of superconductivity at the magnetic quantum phase transition. 20, 21, 31, 32 A similar relationship between magnetism and unit cell volume is seen for the other isoelectronic series (T = Ni, Pd and X = Si, Ge), (T = Co, Rh and X = Si, Ge), and (T = Fe, Ru, Os and X = Si, Ge) [ 15, 16 ] and related trends occur in other Ce-based intermetallics, as is expected in the Doniach picture.
3-7 The effect of non-isoelectronic tuning is less transparent, but is clarified by considering the examples along the vertical axis with similar unit cell volumes: e.g., those extending from CeCu 2 Si 2 → CeNi 2 Ge 2 → CeCo 2 Ge 2 → CeFe 2 Ge 2 where the f -electron valence v tends to increase from v = 3 towards v ≈ 3+∆ between Cu → half d-shell filling, after which it again decreases towards v = 3.
33 This indicates that the hybridization strength is maximized between the Fe and Co columns.
A consequence of the relationship between these two distinct axes is that there exists a region that separates the magnetic and nonmagnetic members, where extensive work has shown that clustered along it are those systems that exhibit exotic metallic states, magnetic quantum phase transitions and superconductivity. 15, 16, 20, 21, [28] [29] [30] 32 It is important to note that this picture does not account explicitly for some factors that might sometimes play an important role: e.g., the influences of (1) chemical disorder and (2) differences between 3d, 4d, and 5d orbitals. Nonetheless, it captures the global trends in this family and our results from Si → P substitution indicate that s/p shell filling also fits inside this picture.
This unifies earlier work and suggests strategies for how to promote behavior such as the high pressure (dome 2) superconductivity in CeCu 2 Si 2 at ambient pressure. For instance, simultaneous doping on both the transition metal and ligand sites, Cu → Ni & Si → P, such that their combined effect would be pure unit cell contraction is of interest. However, an important obstacle is chemical disorder, which typically suppresses superconductivity in these materials. [28] [29] [30] An alternative route is to consider electronic tuning in examples that are close to CeCu 2 Si 2 but on the right hand side of the magnetic phase boundary seen in Fig. 6 . For instance, CeNi 2 Ge 2 already exhibits non-Fermi-liquid behavior and incipient superconductivity, 29 suggesting that small Ge → P or As substitution might stabilize bulk superconductivity. We further note that the unstable valence physics and superconductivity extends into quadrant 4, as demonstrated through our applied pressure study. This is the least studied region of the phase diagram and its investigation potentially will yield unexpected discoveries.
V. CONCLUSIONS
We have studied Si → P chemical substitution in CeCu 2 Si 2 , which compresses the unit cell volume, weakens the hybridization between the f -and conduction electron states, and encourages complex magnetism. At concentrations that show magnetism, applied pressure suppresses the ordering temperature and superconductivity is recovered for samples with low disorder. These results are understood by considering that the electronic hybridization between the f -and conduction electrons in this system is controlled by the nearly independent parameters of unit cell volume and s, p, d shell filling. Guided by this topography we have discussed prospects for inducing a valence fluctuation quantum phase transition in the broader family of Ce-based ThCr 2 Si 2 -type materials through chemical substitution.
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